Background {#Sec1}
==========

Diabetes is a metabolic disorder characterized by hyperglycaemia, insulin resistance, and relative insulin deficiency \[[@CR1]\]. Diabetes is associated with vascular complications that contribute to morbidity and mortality in diabetic patients \[[@CR2]--[@CR4]\]. In diabetic patients, hyperglycaemia stimulates the production of reactive oxygen species in the endothelium, which play an essential role in the development of vascular damage and contribute to the incidence of thrombotic events \[[@CR5]--[@CR8]\]. Indeed, diabetes shares similar features with cardiovascular diseases, which also features enhanced responses of inflammatory cells and increased formation of thrombosis because of endothelial cell dysfunction \[[@CR9], [@CR10]\].

Injured endothelial cells express elevated levels of adhesion molecules and have enhanced permeability \[[@CR9], [@CR10]\]. These two events stimulate the recruitment of immune cells, such as monocytes, as well as the entry of low-density lipoprotein cholesterol (LDL) from the blood vessel lumen into the wall \[[@CR5]--[@CR8]\]. Subsequently, LDL is oxidized to ox-LDL and is taken up by macrophages, which leads to the formation of foam cells, increases inflammatory responses, and leads to the deposition of collagen \[[@CR5]--[@CR8]\]. These events lead to the formation of atherosclerotic plaques, and the subsequent rupture of these plaques activates platelets and culminates in thrombosis \[[@CR5]--[@CR8]\]. Therefore, improving or alleviating the effects of endothelial cell damage in diabetes is a potential therapeutic target, with the expected outcome of repairing vascular dysfunction and preventing complications associated with diabetes, such as thrombosis and atherosclerosis.

Mesenchymal stem cells (MSCs) are multipotent stromal cells that are isolated from adult and fetal tissues, such as placenta \[[@CR11]\]. Previously, we isolated MSCs from the chorionic villi of human term placentae (pMSCs) and reported their unique ability to regulate many of the critical cellular functions of their target cells \[[@CR11]\]. Moreover, pMSCs show immunosuppressive properties that make allogeneic transplantation possible \[[@CR12], [@CR13]\]. Recently, we reported that pMSCs protect endothelial cells from damage induced by an oxidative stress mediator (i.e. hydrogen peroxide) \[[@CR14]\]. Therefore, pMSCs have the key functional properties that make them a promising therapeutic tool for treating inflammatory diseases.

Here, we initially examined the ability of pMSCs to protect various important endothelial cell functions from oxidative stress induced by another oxidative stress mediator; glucose. To better understand the mechanism of endothelium damage repair following exposure to glucose and pMSC treatment, we investigated gene expression changes in a panel of endothelial genes that mediate important cellular functions. We report that pMSCs protect particular endothelial cell functions (i.e. proliferation, migration, permeability, and tube network formation (angiogenesis)) from glucose. In addition, pMSCs modify the effect of glucose on the expression of many genes that mediate endothelial cell functions. These data suggest that pMSCs have a protective function on endothelial cells in an oxidative stress environment induced by glucose. Thus, pMSCs are promising candidates for a stem cell-based therapy to repair endothelial cell injury induced by high glucose, and prevent complications associated with this injury. However, further studies are required to reveal more detailed aspects of the mechanism of action of pMSCs on glucose-induced endothelial damage both in vitro and in vivo.

Methods {#Sec2}
=======

Ethics of experimentation and collection of human placentae and umbilical cords {#Sec3}
-------------------------------------------------------------------------------

The study was approved by the institutional research board (Reference \# IRBC/246/13) at King Abdulla International Medical Research Centre (KAIMRC), Saudi Arabia. Samples (i.e. placentae and umbilical cords) were obtained from uncomplicated human pregnancies (38--40 gestational weeks) following informed patient consent, and then processed immediately. All clinical and experimental procedures were performed in compliance with KAIMRC research guidelines and regulations.

Isolation and culture of pMSCs {#Sec4}
------------------------------

MSCs from the chorionic villi of human term placenta (pMSCs) were isolated using our published method \[[@CR11]\]. Briefly, small pieces (\~ 40 mg total wet weight) of the chorionic villi were washed thoroughly with sterile phosphate buffered saline (PBS, pH 7.4) and then incubated in a solution of DMEM-F12 (Life Technologies, Grand Island, NY, USA) containing 2.5% trypsin (Life Technologies), 270 unit/ml DNase (Life Technologies), and antibiotics (100 U/l penicillin and 100 μg/ml streptomycin). After gentle rotation overnight at 4 °C, tissues were washed thoroughly with PBS and the tissues were then cultured in a complete DMEM-F12 culture medium containing 10% MSC Certified fetal bovine serum (MSC-FBS; Life Technologies), 100 μg/ml of [l]{.smallcaps}-glutamate, and antibiotics (100 U/l penicillin and 100 μg/ml streptomycin). Tissues were then incubated at 37 °C in a humidified atmosphere containing 5% CO~2~, within a cell culture incubator. When cells migrated out of the explants, they were harvested with TrypLE™ Express detachment solution (Life Technologies) and then characterized by flow cytometry using well-characterized MSCs and haematopoietic markers (Table [1](#Tab1){ref-type="table"}). The MSC differentiation potential into adipocytes, chondrocytes, and osteocytes was evaluated as published previously \[[@CR11]\]. pMSCs (passage 2) from a total of 20 placentae were used in this study.Table 1Antibodies used in this studyMSC positive markerHaematopoietic markerCD44CD14CD90CD19CD105CD40CD146CD45CD166CD80HLA-ABCCD83CD86HLA-DR*MSC* mesenchymal stem cell

Isolation and culture of human umbilical vein endothelial cells {#Sec5}
---------------------------------------------------------------

Endothelial cells from human umbilical cord veins (HUVECs) were isolated according to our published method \[[@CR15]\]. Briefly, the cannulated umbilical vein was rinsed with sterile PBS (pH 7.4) several times, and then filled with a PBS solution containing 6 mg/ml collagenase type II (Catalog \# 17101-015; Life Technologies). After 25 min of incubation at 37 °C in a cell culture incubator, HUVECs were collected, resuspended in a complete endothelial cell growth medium (Catalog \# PCS-100-041™; ATCC, USA), and then cultured at 37 °C in a cell culture incubator. Before using HUVECs in subsequent experiments, they were characterized by flow cytometry using a CD31 endothelial cell marker (R & D Systems, Abingdon, UK). HUVECs (\> 95% purity) from passages 3--5 of a total of 30 umbilical cords were used in this study.

Cell proliferation in response to glucose {#Sec6}
-----------------------------------------

Cells (pMSCs and HUVECs) at a density of 5 × 10^3^ were seeded in wells of 96-well culture plates containing a complete cell culture growth medium (i.e. complete DMEMF-12 culture medium for pMSCs, and complete endothelial cell growth medium for HUVECs) and then incubated at 37 °C in a cell culture incubator. At 75% confluency, non-adherent pMSCs or HUVECs were removed and cells were cultured in a complete cell culture growth medium with or without glucose (Prince Care Pharma Pvt. Ltd, India), and then incubated at 37 °C in a cell culture incubator. Different concentrations of glucose (0--2000 mM) and various culture time points (i.e. 24, 48, and 72 h) were examined. The viability of pMSCs and HUVECs was determined by the Trypan blue exclusion assay.

The proliferation of pMSCs and HUVECs was evaluated after each indicated culture time point (i.e. 24, 48, and 72 h) by a tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS)) kit (Catalog \# G5421, CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay; Promega, Germany), as described previously \[[@CR14]\]. The blank was cells incubated in MTS solution in a complete cell culture growth medium. Results were presented as means (± standard errors). Each experiment was performed in triplicate and repeated with five independent pMSC (passage 2) and HUVEC (passage 3--5) preparations.

HUVEC proliferation in response to glucose in presence of different treatments of pMSCs {#Sec7}
---------------------------------------------------------------------------------------

HUVECs (5 × 10^3^ cells) were seeded in wells of 96-well culture plate containing a complete endothelial cell growth medium and cultured at 37 °C in a cell culture incubator. After 24 h, adherent HUVECs were cultured alone, or co-cultured with different concentrations (20, 50, and 100 mM) of glucose in the presence of 25% CMpMSC (conditioned medium of unstimulated pMSCs, produced as described previously \[[@CR14]\]) and pMSCs (whole cells) at a ratio of 1 HUVEC:1 pMSC. These concentrations and ratios of CMpMSC and pMSCs, respectively, were chosen because they can induce optimum HUVEC proliferative responses as reported previously by us \[[@CR14]\]. Cells were then cultured in a complete endothelial cell growth medium for 72 h at 37 °C in a cell culture incubator.

HUVEC proliferation was then evaluated by the MTS assay as described previously \[[@CR14]\]. Before adding pMSCs to the HUVEC culture, pMSCs were treated with 25 μg/ml Mitomycin C to inhibit their proliferation as described previously \[[@CR14]\]. The blank was cells incubated in MTS solution in a complete endothelial cell growth medium. Results were presented as means (± standard errors). Each experiment was performed in triplicate and repeated as already described.

Culture of HUVECs with glucose and different treatments of pMSCs (conditioned medium and intercellular direct contact) {#Sec8}
----------------------------------------------------------------------------------------------------------------------

HUVECs were cultured alone in a complete endothelial cell growth medium (Fig. [1a](#Fig1){ref-type="fig"}), or with 100 mM glucose (Fig. [1b](#Fig1){ref-type="fig"}), or with 100 mM glucose and 25% CMpMSC (Fig. [1c](#Fig1){ref-type="fig"}). For the intercellular direct contact experiment (ICpMSC, Fig. [1d](#Fig1){ref-type="fig"}), HUVECs and pMSCs were separated by a transwell chamber membrane culture system (Catalog \# 657640, ThinCert™ Cell Culture Inserts (0.4 μm); Greiner Bio-One, Germany). pMSCs were seeded on the reverse side of the membrane of the chamber while HUVECs were seeded on the upper side of the membrane as described previously \[[@CR14]\]. Cells were cultured at a ratio of 1 HUVEC:1 pMSC in a complete endothelial cell growth medium in the presence of 100 μM glucose and incubated as already described. After 72 h, HUVEC were harvested with TrypLE™ Express detachment solution and used in the adhesion, proliferation, migration, and invasion experiments (see later). HUVEC viability was determined using the Trypan blue exclusion assay. Each experiment was performed and repeated as already described. HUVECs cultured in complete endothelial cell growth medium without glucose or pMSCs were included as negative controls for all HUVECs cultured with glucose, and different treatments of pMSCs.Fig. 1HUVEC culture system consisted of HUVECs seeded on surface of six-well culture plate in complete HUVEC culture medium alone (untreated HUVECs) (**a**), or with 100 mM glucose (**b**), or with 100 mM glucose and 25% conditioned medium (CM) obtained from unstimulated pMSCs (**c**), and ICpMSC (intercellular direct contact experiment) culture system consisted of pMSCs seeded on reverse side of membrane of chamber and HUVECs seeded on upper side of membrane (**d**). For ICpMSC, 0.4-μm pore size transwell chamber membranes were used. In ICpMSC culture system, cells cultured at a ratio of 1 HUVEC:1 pMSC in HUVEC culture medium in presence of 100 mM glucose. In all culture systems, cells incubated for 24, 48, and 72 h at 37 °C in a cell culture incubator. CMpMSC conditioned medium of unstimulated pMSCs, HUVEC human umbilical vein endothelial cell, pMSC placental mesenchymal stem cell

HUVEC adhesion and proliferation using xCELLigence system {#Sec9}
---------------------------------------------------------

The xCELLigence system (RTCA-DP version; Roche Diagnostics, Mannheim, Germany) was used as described previously \[[@CR14], [@CR15]\] to evaluate the adhesion and proliferation of HUVECs. The xCELLigence system is a real-time cell analyser that constantly monitors and records the changes in electrical impedance that arise from cellular events, and these changes are reported as an arbitrary cell index \[[@CR14], [@CR15]\]. Briefly, 100 μl complete endothelial cell growth medium was added to well in 16-well culture plates (Catalog \# 05469813001, E-Plate 16; Roche Diagnostics), and the background impedance was then achieved as described previously \[[@CR14], [@CR15]\]. Then, 2 × 10^5^ HUVECs (initially cultured alone or co-cultured with 100 mM glucose, or with 100 mM glucose and CMpMSC, or with 100 mM glucose and ICpMSC, as already described) were seeded in 100 μl of complete endothelial cell growth medium in quadruplicate wells and equilibrium was achieved as described previously \[[@CR14], [@CR15]\]. For the adhesion experiments, two treatment groups of HUVECs were used. Group one consisted of HUVECs pretreated as already described, and group two consisted of HUVECs seeded in wells of the E-Plate 16 containing complete endothelial cell growth medium with 100 mM glucose or with 100 mM glucose and 25% CMpMSC.

To record data, culture plates were placed in the xCELLigence system at 37 °C in a cell culture incubator. The HUVEC cell index was then monitored in real time for 72 h. For data analysis, the xCELLigence software (version 1.2.1) was used. For cell adhesion, data were measured after 2 h, and the value of cell index was then expressed as mean ± standard error of the cell index. For cell proliferation, data were expressed as mean ± standard error of the cell index normalized to the cell index recorded after 2 h (i.e. the adhesion time point). The rate of cell proliferation was determined by calculating the normalized cell index at 24, 48, and 72 h. Each experiment was performed and repeated as already described.

HUVEC migration using xCELLigence system {#Sec10}
----------------------------------------

The migration of HUVECs was evaluated using CIM migration plates (Catalog \# 05665825001; Roche Diagnostics) in the xCELLigence system as described previously \[[@CR14], [@CR15]\]. The CIM plates have 16 migration wells that each consist of two chambers (upper and lower) separated by a membrane (polyethylene terephthalate) with a pore size of 8 μm. The membrane is in contact with microelectrodes. In the migration experiments, three treatment groups were used as illustrated in Fig. [2](#Fig2){ref-type="fig"}. Group one consisted of HUVECs seeded in the upper chamber containing HUVECs in serum-free medium alone, or supplemented with 100 mM glucose, or with 100 mM glucose and 25% CMpMSC, while HUVEC medium was supplemented with 30% FBS and added to the lower chamber. Group two consisted of HUVECs seeded in the upper chamber containing HUVEC serum-free medium, while HUVEC medium supplemented with 100 mM glucose alone or with 100 mM glucose and 25% CMpMSC, and with HUVEC medium supplemented with 30% FBS, was added to the lower chamber. Group three consisted of HUVECs that were initially cultured alone, or co-cultured with 100 mM glucose, or with 100 mM glucose and CMpMSC, or with 100 mM glucose and ICpMSC as already described. HUVECs were seeded in the upper chamber in HUVEC serum-free medium while HUVEC medium supplemented with 30% FBS was added to the lower chamber. Following the addition of 50 μl pre-warmed media to the wells of the upper chamber and 160 μl endothelial cell growth medium containing 30% FBS to the lower chamber, the plates were then locked in the RTCA DP device at 37 °C in a cell culture incubator for 1 h to obtain equilibrium, and a measurement step was then performed as described previously \[[@CR14], [@CR15]\]. Group one measured HUVEC migration, under the effect of glucose and CMpMSC added to the upper chamber of the plate. Group two measured HUVEC migration in response to glucose and CMpMSC added to the lower chamber of the plate. Group three measured HUVEC migration after cell exposure to glucose and different treatments of pMSCs. To initiate the experiment, HUVECs (above) were seeded at a density of 2 × 10^4^ cells in the upper chamber in 100 μl, and the plates were then incubated for 30 min at RT to allow the cells to settle onto the membrane as described previously \[[@CR14], [@CR15]\]. Each condition was performed in quadruplicate, and after equilibration the analyser was programmed to measure electrical impedance every 15 min for 24 h. The impedance value of each well was automatically monitored by the xCELLigence system for a duration of 24 h and expressed as a CI value. Migration observed in the presence of 30% FBS, and with medium alone, served as positive and negative controls, respectively. Each experiment was performed and repeated as already described.Fig. 2HUVEC migration groups. Group 1: HUVECs cultured alone (a), or with 100 mM glucose (b), or with 100 mM glucose and 25% conditioned medium obtained from unstimulated pMSC culture (CMpMSC) (c) in upper chamber of CIM migration plate, while HUVEC medium with 30% FBS added to lower chamber. Group 2: HUVECs seeded in HUVEC serum-free medium in upper chamber of CIM migration plate while HUVEC medium with 30% FBS (a), or with 100 mM glucose (b), or with 100 mM glucose and 20% CMpMSC (b) added to lower chamber of migration plate. Group 3: HUVEC cultured alone (a), or with 100 mM glucose (b), or with 100 mM glucose and 25% CMpMSC (c), or with pMSCs at ratio of 1 HUVEC:1 pMSC in intercellular direct contact experiment (ICpMSC) (d). Pretreated HUVECs seeded in HUVEC serum-free medium in upper chamber of CIM migration plate while HUVEC culture medium containing 30% FBS added to lower chambers. CMpMSC conditioned medium of unstimulated pMSCs, FBS fetal bovine serum, HUVEC human umbilical vein endothelial cell, pMSC placental mesenchymal stem cell

pMSC effect on monocyte invasion of endothelial cell monolayer {#Sec11}
--------------------------------------------------------------

To evaluate the permeability of HUVECs, the ability of monocytes (THP-1) to invade a monolayer of HUVECs was evaluated using the E-Plate 16 and the xCELLigence system. In the invasion experiments, two treatment groups were used. Group one consisted of HUVECs seeded in wells of the E-Plate 16 containing complete endothelial cell growth medium with 100 mM glucose alone, or with 100 mM glucose and 25% CMpMSC. Group two consisted of HUVECs initially cultured alone, or co-cultured with 100 mM glucose alone, or with 100 mM glucose and CMpMSC, or with 100 mM glucose and ICpMSC. To initiate the invasion experiments, 2 × 10^4^ HUVECs were seeded in a 16-well culture E-Plate as already described. When cells reached a growth plateau, monocytes (10^4^ cells) were added to the HUVEC monolayer. Data for cell invasion were measured and expressed as a cell index with the value expressed as mean ± standard error of the cell index. After 10 h, the rate of cell invasion was determined by calculating the normalized cell index at the pausing time (15--20 h) of the growth of HUVECs. Five experiments were performed in triplicate using HUVECs and pMSCs as already described.

Tube formation experiments {#Sec12}
--------------------------

Aliquots (100 μl) of Matrigel® Growth Factor Reduced (GFR) Basement (Catalog \# 354230; Corning, USA) were plated into individual wells of 96-well tissue culture plates (Becton Dickinson) and allowed to polymerize overnight at 37 °C in a cell culture incubator. In the tube formation experiments, three treatment groups were used. Group one consisted of HUVECs cultured alone. Group two consisted of HUVECs cultured with 100 mM glucose. Group three consisted of HUVECs cultured with 100 mM glucose and 25% CMpMSC. Group four consisted of HUVECs cultured with 100 mM glucose and pMSCs. Varying pMSC:HUVEC ratios (1:30, 1:6, and 1:4) were used.

HUVECs were seeded at a density of 3 × 10^4^ cells per well in a complete endothelial cell growth culture medium on the polymerized Matrigel. Following 14 h, the tube network formed was observed under an inverted Nikon ECLIPSE Ti U microscope (Nikon, Japan). Photomicrographs were recorded using a Nikon DS-Qi1 camera and data were analysed with the software (Nikon, Japan). Experiments were carried out in triplicate and repeated as already described.

RNA isolation, cDNA synthesis, and real-time polymerase chain reaction analysis {#Sec13}
-------------------------------------------------------------------------------

The expression of 84 genes related to endothelial cell biology (Catalog \# PAHS-015ZD-24; Qiagen, Hilden, Germany) by HUVECs was determined using QuantiTect Primer Assay (Qiagen) in a real-time polymerase chain reaction (RT-PCR) as published previously \[[@CR16]\]. Briefly, total RNA extracted from HUVECs initially co-cultured with 100 mM glucose alone or in the presence of different treatments of pMSCs (CMpMSC and ICpMSC) for 72 h was isolated. cDNA was then synthesized and the real-time PCR reaction was performed in triplicate on the CFX96 real-time PCR detection system (BIO-RAD) as published previously \[[@CR16]\]. To analyse the data, the CFX manager software (Bio-Rad, CA, USA) was used. The results were exported to Microsoft Excel for further analysis. The results were expressed as the fold change by calculating the ΔΔ^− 2^ values. The relative expression of an internal house-keeping gene as a loading control was used as provided in the kit. Experiments were performed in triplicate and repeated three times using HUVECs and pMSCs as already indicated.

Flow cytometry {#Sec14}
--------------

Cells were characterized by flow cytometry as described previously \[[@CR14]\]. Briefly, cells (1 × 10^5^) were stained with monoclonal antibodies (Table [1](#Tab1){ref-type="table"}) for 30 min. Cells were then washed twice by adding cold PBS and centrifuged at 150 × *g* for 5 min at 8 °C. Unstained and isotype controls were used. Immunoreactivity to cell surface antibody markers or intracellular proteins was assayed by a BD FACS CANTO II (Becton Dickinson, NJ, USA) flow cytometer.

Statistical analysis {#Sec15}
--------------------

Data were analysed using an unpaired *t* test, two tailed. These analyses were performed using GraphPad Prism 5. Results were considered to be statistically significant if *p* \< 0.05.

Results {#Sec16}
=======

Isolation and characterization of pMSCs {#Sec17}
---------------------------------------

MSCs from the chorionic villi of human term placentae (pMSCs) were isolated and characterized using our published methodologies \[[@CR11]\]. pMSCs at passage 2 were positive (\> 95%) for MSC markers, were negative for haematopoietic markers, and were able to differentiate into adipocytes, chondrocytes, and osteocytes. These characteristics of pMSCs were consistent with our previous report \[[@CR11]\]. Subsequently, pMSCs at passage 2 were used in all experiments.

Glucose effects on the proliferative potential of pMSCs and HUVECs {#Sec18}
------------------------------------------------------------------

To evaluate the proliferative response of pMSCs to glucose, pMSCs were cultured alone, or with glucose, and the proliferation potential was then determined using the MTS assay. After 24, 48, and 72 h treatment with 200--2000 mM glucose, pMSC proliferation was significantly reduced (*p* \> 0.05) as compared to glucose-untreated pMSCs (Fig. [3a](#Fig3){ref-type="fig"}--[c](#Fig3){ref-type="fig"}), while the treatment with 20--150 mM glucose had no significant effect (*p* \> 0.05) on pMSC proliferation at all culture time points (24--72 h) (Fig. [3a](#Fig3){ref-type="fig"}--[c](#Fig3){ref-type="fig"}). The viability of pMSCs treated with 20--200 mM glucose was \> 95% while the exposure of pMSCs to a concentration of glucose higher than 200 mM significantly reduced cell viability (\< 50%) for all culture time points.Fig. 3Proliferation of pMSCs and HUVECs in response to various concentrations of glucose. MTS proliferation assay showed proliferation of pMSCs in response to 20, 40, 60, 80, 100, and 150 mM glucose did not significantly change as compared to glucose-untreated pMSCs after 24 h (**a**), 48h (**b**), and 72h (**c**) while treatment with 200--2000 mM glucose for 24 h (**a**), 48 h (**b**), and 72 h (**c**) significantly decreased proliferation of pMSCs as compared to glucose-untreated pMSCs. HUVEC proliferation in response to 20 and 50 mM glucose did not significantly change as compared to glucose-untreated HUVECs after 24 h (**d**), 48 h (**e**), and 72 h (**f**). Culture of HUVECs with 100 mM glucose for 24 h (**d**) did not significantly change proliferation, but significantly decreased proliferation after 48h (**e**) and 72 h (**f**) as compared to glucose-untreated pMSCs. HUVEC proliferation in response to 200 mM glucose significantly reduced as compared to glucose-untreated HUVECs after 24 h (**d**), 48 h (**e**), and 72 h (**f**). Each experiment performed in triplicate using pMSCs (passage 2) and HUVECs (passage 3--5) from five independent placentae and umbilical cord tissues. \**p* \< 0.05. Bars represent standard errors

Next, we evaluated the proliferation of HUVECs in response to 20--2000 mM glucose. HUVEC proliferation did not significantly change (*p* \> 0.05) after treating the cells with 20 and 50 mM glucose as compared to glucose-untreated HUVECs for all culture time points (Fig. [3d](#Fig3){ref-type="fig"}--[f](#Fig3){ref-type="fig"}), while the treatment with 100 mM glucose significantly reduced HUVEC proliferation (*p* \< 0.05) as compared to glucose-untreated HUVECs only after 48 and 72 h (Fig. [3e, f](#Fig3){ref-type="fig"}), but not after 24 h (*p* \> 0.05, Fig. [3d](#Fig3){ref-type="fig"},). In contrast, the treatment with 200 mM glucose significantly reduced HUVEC proliferation as compared to glucose-untreated HUVECs after 24, 48, and 72 h (*p* \< 0.05, Fig. [3d](#Fig3){ref-type="fig"}--[f](#Fig3){ref-type="fig"}). The viability of HUVECs treated with 20, 50, and 100 mM glucose was \> 95% while the treatment with 200 mM glucose reduced the viability to less than 50% for all culture time points. The exposure of HUVECs to glucose concentrations higher than 200 mM significantly reduced (\< 20%) the viability for all culture time points.

Based on the results obtained, the exposure time of 72 h and 100 mM glucose were selected to evaluate the effect of glucose on the functions of HUVECs (proliferation, adhesion, migration, permeability, and tube network formation).

pMSCs and glucose modulate the proliferation of HUVECs {#Sec19}
------------------------------------------------------

To evaluate the effects of pMSCs on endothelial cell functions in response to glucose, the proliferation of HUVECs cultured with 100 mM glucose alone, or with 100 mM glucose and different treatments of pMSCs (CMpMSC and pMSCs), was examined using the MTS assay. The treatment of HUVEC with glucose, HUVEC proliferation significantly reduced after 48 and 72 h (*p* \< 0.05), but not after 24 h (*p* \> 0.05), as compared to glucose-treated HUVECs (Fig. [4](#Fig4){ref-type="fig"}). The addition of CMpMSC to glucose-treated HUVEC significantly induced the proliferation of HUVECs after 48 and 72 h (*p* \< 0.05), but not after 24 h, as compared to glucose-treated HUVECs (Fig. [4a](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}). However, the addition of pMSCs to glucose-treated HUVECs significantly induced the proliferation of HUVECs after 24, 48, and 72 h (*p* \< 0.05) as compared to glucose-treated HUVECs (Fig. [4a](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}). The addition of glucose to HUVECs in the presence of CMpMSC had no significant effect on HUVEC proliferation (*p* \> 0.05) as compared to glucose-untreated HUVECs after all culture time points, while the addition of glucose to HUVECs in the presence of pMSCs significantly increased the proliferation of HUVECs after 24 and 48 h (*p* \< 0.05), but not after 72 h (*p* \> 0.05), as compared to glucose-untreated HUVECs (Fig. [4a](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}).Fig. 4HUVEC proliferation in response to glucose in presence of pMSCs, or after removing glucose and pMSCs, examined after 24, 48, and 72 h in MTS assay. In response to conditioned medium (CMpMSC), pMSCs had no significant effect on HUVEC proliferation in presence of glucose after 24 h as compared to untreated or glucose-treated HUVECs (**a**). CMpMSC significantly increased HUVEC proliferation in presence of glucose after 48 h (**b**) and 72 h (**c**), as compared to glucose-treated but not untreated HUVECs. Cell--cell contact assay showed that, compared to glucose-untreated or treated HUVECs, pMSCs significantly increased HUVEC proliferation in presence of glucose after 24 h (**a**) and 48 h (**b**), while after 72 h (**c**) pMSCs significantly increased HUVEC proliferation in presence of glucose, as compared to glucose-treated but not untreated HUVECs. HUVEC proliferation after removing effects of glucose and pMSCs. HUVECs initially cultured with 100 mM glucose (100(pre)) in presence of different treatments of pMSCs (CMpMSC(PreCM + 100) and ICpMSC(PreCM + 100)) for 72 h, and then used in proliferation assay using xCELLigence real-time cell analyser. After 24 and 48 h (**d, e**), proliferation of HUVECs pretreated with glucose alone (100(pre)), or with CMpMSC (PreCM + 100) or ICpMSC (PreCM + 100), did not significantly change as compared to glucose-untreated HUVEC (*p* \> 0.05). As compared to glucose-treated HUVECs (100(pre)), proliferation of HUVECs pretreated with glucose and CMpMSC (PreCM + 100), or glucose and ICpMSC (PreIC + 100), did not significantly change after 24 and 48 h (*p* \> 0.05) (**d, e**). In contrast, proliferation of HUVECs pretreated with 100 mM glucose alone (100(pre)), or with CMpMSC (PreCM + 100), significantly reduced after 72 h as compared to glucose-untreated HUVEC (**f**). When compared with glucose-treated HUVECs (100(pre)), proliferation of HUVECs pretreated with glucose and CMpMSC (PreCM + 100) did not significantly change after 72 h of culture. In contrast, proliferation of HUVECs pretreated with glucose and ICpMSC (PreIC + 100) increased significantly after 72 h of culture as compared to glucose-treated but not untreated HUVECs (**f**). Each experiment performed in triplicate using HUVECs (passage 3--5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively. \**P* value is significant *p* \< 0.05. Bars represent standard errors. pMSC placental mesenchymal stem cell

The reversibility of HUVEC proliferation in response to glucose and pMSCs {#Sec20}
-------------------------------------------------------------------------

To evaluate the reversibility effect of pMSCs on the proliferation of glucose-treated HUVECs, HUVECs were initially cultured alone, or with 100 mM glucose alone, or with 100 mM glucose and different treatments of pMSCs (CMpMSC and ICpMSC) for 72 h and their proliferation was measured using the xCELLigence system. After 24 and 48 h, the proliferation of glucose-pretreated HUVECs (100(Pre)) was not significantly changed (*p* \> 0.05), but after 72 h it was significantly reduced (*p* \< 0.05) as compared to glucose-untreated HUVECs (Fig. [4f](#Fig4){ref-type="fig"}). These data show that glucose has an irreversible inhibitory effect on HUVEC proliferation. The proliferation of HUVECs pretreated with glucose and CMpMSC (PreCM + 100) did not significantly change (*p* \> 0.05) after 24 and 48 h, as compared to glucose-untreated HUVECs or glucose-pretreated HUVECs (100(Pre)) (Fig. [4d, e](#Fig4){ref-type="fig"}). However, proliferation was significantly reduced (*p* \< 0.05) or unchanged (*p* \> 0.05) after 72 h as compared to untreated HUVECs and glucose-pretreated HUVECs (100(Pre)), respectively (Fig. [4f](#Fig4){ref-type="fig"}). Therefore, the stimulatory effect of CMpMSC on glucose inhibiting HUVEC proliferation is reversible. The proliferation of HUVECs pretreated with glucose and ICpMSC (PreIC + 100) did not significantly change (*p* \> 0.05) after 24 and 48 h, as compared to glucose-untreated HUVECs and glucose-pretreated HUVECs (100(Pre)) (Fig. [4d, e](#Fig4){ref-type="fig"}). However, proliferation significantly increased (*p* \< 0.05) or was unchanged (*p* \> 0.05) after 72 h as compared to glucose-pretreated HUVECs (100(Pre)) and glucose-untreated HUVECs, respectively (Fig. [4f](#Fig4){ref-type="fig"}). These data show that the stimulatory effect of ICpMSC on glucose inhibition of HUVEC proliferation is irreversible.

pMSCs and glucose effects on HUVEC adhesion {#Sec21}
-------------------------------------------

To study the effects of pMSCs and glucose on the adhesion of HUVECs, two HUVEC treatment groups were evaluated as already described. After 2 h, the adhesion of HUVECs treated with 100 mM glucose alone (100), or with 100 mM glucose and CMpMSC (100 + CM), did not significantly change as compared to glucose-untreated HUVECs (*p* \> 0.05, Fig. [5a](#Fig5){ref-type="fig"}). Similarly, after 2 h, the adhesion of HUVECs pretreated with 100 mM glucose alone (100(Pre)), or with 100 mM glucose and CMpMSC (PreCM + 100), or 100 mM glucose and ICpMSC (PreIC + 100), were reduced but not statistically significant as compared to glucose-untreated HUVECs (*p* \> 0.05, Fig. [5b](#Fig5){ref-type="fig"}). In addition, the pretreatment of HUVECs with 100 mM glucose and CMpMSC (PreCM + 100), or with 100 mM glucose and ICpMSC (PreIC + 100), did not affect the adhesion of HUVECs as compared to glucose-pretreated HUVECs (100(Pre)) (*p* \> 0.05, Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5HUVEC adhesion in response to glucose and pMSCs, or after removing effects of glucose and pMSCs. HUVECs cultured with 100 mM glucose alone (100), or with 25% CMpMSC (100 + CM), and adhesion then measured using xCELLigence real-time cell analyser. After 2 h, as compared to glucose-untreated HUVECs, HUVEC adhesion in presence of glucose alone (100), or with CMpMSC (100 + CM), did not significantly change (*p* \> 0.05) (**a**). Adhesion of HUVECs in presence of glucose and CMpMSC (100 + CM) did not significantly change as compared to glucose-treated HUVECs (100) after 2 h (*p* \> 0.05) (**a**). HUVECs pretreated with 100 mM glucose (100(pre)) in presence of different pMSC treatments (CMpMSC (PreCM + 100) and ICpMSC (PreIC + 100)) were cultured in 16-well culture plate and adhesion measured as already indicated. After 2 h, and as compared to glucose-untreated HUVECs, preteatment of HUVECs with glucose (100(pre)), or with glucose and CMpMSC (PreCM + 100), or with glucose and ICpMSC (PreIC + 100), did not significantly change (*p* \> 0.05) (**b**). Adhesion of HUVECs in presence of glucose and CMpMSC (PreCM + 100), or glucose and ICpMSC (PreIC + 100), did not significantly change as compared to glucose-treated HUVECs (100(pre)) after 2 h (*p* \> 0.05) (**b**). Each experiment performed in triplicate using HUVECs (passage 3--5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively. Bars represent standard errors

pMSCs and glucose modulate HUVEC migration {#Sec22}
------------------------------------------

We further evaluated the migration of HUVECs exposed to 100 mM glucose alone (100(in)) or to 100 mM glucose and CMpMSC (100 + CM(in)) during the migration assay (migration group one, Fig. [2](#Fig2){ref-type="fig"}). After 24 h incubation with glucose (100(in)), HUVEC migration significantly reduced (*p* \< 0.05) as compared to glucose-untreated HUVECs while the incubation with glucose and CMpMSC (100 + CM(in)) had no significant effect (*p* \> 0.05) on HUVEC migration as compared to glucose-untreated HUVECs (Fig. [6a](#Fig6){ref-type="fig"}). As compared to glucose-treated HUVECs (100(in)), HUVEC migration in the presence of glucose and CMpMSC (100 + CM(in)) significantly increased (*p* \< 0.05, Fig. [6a](#Fig6){ref-type="fig"}).Fig. 6HUVEC migration measured using xCELLigence real-time cell analyser. After 24 h, migration of HUVECs cultured with 100 mM glucose (100(in)) significantly reduced as compared to glucose-untreated HUVECs (**a**). As compared to glucose-untreated HUVECs, HUVEC migration in presence of glucose and CMpMSC (100 + CM(in)) did not significantly change (*p* \> 0.05) after 24 h but migration significantly increased as compared to glucose-treated HUVECs (100(in)) (**a**). Migration of HUVECs in response to 100 mM glucose alone (100(out)), or with CMpMSC (100 + CM(out)) added to lower chamber of migration plate, significantly reduced as compared to glucose-untreated HUVECs after 24 h (**b**). As compared to glucose-treated HUVECs (100(out)), HUVEC migration in response to glucose and CMpMSC (100 + CM(out)) did not significantly change after 24 h as compared to glucose-treated HUVECs (100(out)) (**b**). After 24 h, migration of HUVECs pretreated with glucose alone (100(pre), or with glucose and CMpMSC (100 + CM(Pre)), or with glucose and ICpMSC (100 + IC(Pre)), significantly increased as compared to glucose-treated HUVECs (100(pre)) (**c**). After 24 h, as compared to glucose-treated HUVECs (100(pre)), migration of HUVECs pretreated with 100 mM glucose and CMpMSC (100 + CM(Pre)), or with 100 mM glucose and ICpMSC (100 + IC(Pre)), did not significantly change (*p* \> 0.05) (**c**). Each experiment performed in triplicate using HUVECs (passage 3--5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively. \**P* value is significant \< 0.05. Bars represent standard errors

We also examined the migration of HUVECs in response to 100 mM glucose alone (100(out)) or to 100 mM glucose and CMpMSC (100 + CM(out)) (migration group two, Fig. [2](#Fig2){ref-type="fig"}). After 24 h, HUVEC migration in response to glucose alone (100(out)) or to glucose and CMpMSC (100 + CM(out)) significantly reduced (*p* \< 0.05) as compared to glucose-untreated HUVECs (Fig. [6b](#Fig6){ref-type="fig"}). In contrast, the migration of HUVECs in response to glucose and CMpMSC (100 + CM(out)) did not change (*p* \< 0.05) as compared to glucose-treated HUVECs (100(out)) (Fig. [6b](#Fig6){ref-type="fig"}).

Next, we evaluated the effect of pretreatment with glucose and pMSCs as described in migration group three (Fig. [2](#Fig2){ref-type="fig"}). After 24 h, the migration of HUVECs pretreated with 100 mM glucose alone (100(Pre)), or with 100 mM glucose and CMpMSC (100 + CM(Pre)), or with 100 mM glucose and ICpMSC (100 + IC(Pre)), significantly increased as compared to glucose-untreated HUVECs (Fig. [6c](#Fig6){ref-type="fig"}). In comparison with glucose-pretreated HUVECs (100(Pre)), the migration of HUVECs pretreated with glucose and CMpMSC (100 + CM(Pre)), or with glucose and ICpMSC (100 + IC(Pre)), was not significantly changed (*p* \< 0.05) after 24 h (Fig. [6c](#Fig6){ref-type="fig"}).

pMSCs reduce the effect of glucose on HUVEC permeability {#Sec23}
--------------------------------------------------------

In the xCELLigence real-time system, increased invasion is defined as a reduction in the cell index due to the infiltration of the HUVEC monolayer by monocytes, causing detachment of HUVECs, while an increased cell index defines the reduction in cell invasion. The effect of glucose on the permeability of HUVECs in the presence or absence of CMpMSC was examined by adding monocytes to a monolayer of HUVECs and the invasion of monocytes through the HUVEC monolayer was then assessed by the xCELLigence real-time system. After 10 h and in the presence of glucose (100(in)), monocyte invasion of the HUVEC monolayer significantly increased (*p* \< 0.05) as compared to glucose-untreated HUVECs (Fig. [7a](#Fig7){ref-type="fig"}). The addition of CMpMSC to glucose-cultured HUVECs (100 + CM(in)) significantly reduced (*p* \< 0.05) monocyte invasion as compared to glucose-treated HUVECs (100(in)), but was not significantly changed (*p* \> 0.05) as compared to glucose-untreated HUVECs (Fig. [7a](#Fig7){ref-type="fig"}).Fig. 7HUVEC permeability under effects of glucose and pMSCs examined by adding monocytes to monolayer of HUVECs and assessing invasion of monocytes through HUVEC monolayer by xCELLigence real-time system. Increased invasion defined as reduction in cell index due to infiltration of HUVEC monolayer by monocytes, causing detachment of HUVECs, while increased cell index defines reduction in cell invasion. In presence of 100 mM/ml glucose (100(in)), monocyte invasion of HUVEC monolayer significantly increased after 10 h as compared to glucose-untreated HUVECs (**a**). After 10 h and as compared to glucose-untreated HUVECs, monocyte invasion in presence of glucose and CMpMSC (100 + CM(in)) significantly reduced but not significantly changed as compared to glucose-untreated HUVECs (**a**). Monocyte invasion through monolayer of HUVECs pretreated with glucose alone (100(pre)), or with glucose and CMpMSC (100 + CM(pre)), not significantly changed after 10 h as compared to glucose-untreated HUVECs, while addition of ICpMSC (100 + IC(pre)) significantly reduced monocyte invasion as compared to glucose-treated (100(pre)) or untreated HUVECs (**b**). Each experiment performed in triplicate using HUVECs (passage 3--5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively. \**P* value is significant \< 0.05. Bars represent standard errors

We also evaluated the reversibility of monocyte invasion through the HUVEC monolayer by using HUVECs that were initially cultured alone, or with 100 mM glucose alone, or with 100 mM glucose and different treatments of pMSCs (CMpMSC and ICpMSC). The invasion of monocytes through the monolayer of HUVECs pretreated with glucose alone (100(pre)), or with CMpMSC (CM100(pre)), was not significantly changed as compared to glucose-untreated HUVECs, while the addition of ICpMSC (IC100(pre)) significantly reduced (*p* \< 0.05) monocyte invasion as compared to glucose-treated HUVECs and untreated HUVECs (Fig. [7b](#Fig7){ref-type="fig"}).

The effect of pMSCs on glucose inhibition of HUVEC tubule network formation in vitro {#Sec24}
------------------------------------------------------------------------------------

To evaluate the effect of glucose on the ability of HUVECs to form tubule networks in vitro, HUVECs were seeded alone, or with 100 mM glucose, or with 100 mM glucose and different treatments of pMSCs (CMpMSC and pMSC) on a Matrigel-coated surface. After 14 h, untreated HUVECs formed tube networks (Fig. [8a](#Fig8){ref-type="fig"}). The addition of CMpMSC to the HUVEC culture had no apparent effect on tubule network formation by HUVECs (Fig. [8b](#Fig8){ref-type="fig"}). However, the co-culture of HUVECs with pMSCs resulted in limited tubule network formation by HUVECs (Fig. [8c](#Fig8){ref-type="fig"}). The incubation of HUVECs with glucose had the most dramatic effect in that it completely inhibited HUVEC tubule network formation (Fig. [8d](#Fig8){ref-type="fig"}). The addition of CMpMSC to glucose-treated HUVECs reversed the inhibitory effect of glucose on HUVEC tubule network formation (Fig. [8e](#Fig8){ref-type="fig"}). Finally, the co-culture of HUVECs with pMSCs and glucose, HUVECs were unable to form extensive tubule networks (Fig. [8f](#Fig8){ref-type="fig"}).Fig. 8HUVEC tubule formation in presence of glucose and pMSCs. After 14 h, glucose-untreated pMSCs (**a**) and HUVECs cultured with 25% CMpMSC (**b**) able to form tube networks. HUVECs cultured with pMSCs alone did not form extensive tubule networks (**c**), and with 100 mM glucose alone (**d**) were unable to form tube networks. HUVECs cultured with 100 mM glucose and 25% CMpMSC (**e**) able to form tube networks, while culturing HUVECs with 100 mM glucose and pMSCs (**f**) failed to form extensive tube networks. Each experiment performed in triplicate using HUVECs (passage 3--5) and pMSCs (passage 2) from five independent umbilical cord tissues and placentae, respectively

pMSCs modulate the effect of glucose on the expression of genes important in endothelial cell functions {#Sec25}
-------------------------------------------------------------------------------------------------------

The expression of genes mediating endothelial cell functions was studied after culturing endothelial cells with glucose in the presence or absence of pMSCs for 72 h, and then analysed and assessed using the real-time PCR assay. Results show that pMSCs modulated glucose effects on endothelial cell expression of genes underlying many of the endothelial cell functional activities, including survival, apoptosis, injury, inflammation, angiogenesis, permeability, and leukocyte infiltration, as compared to glucose-treated endothelial cells (Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}, [5](#Tab5){ref-type="table"}, [6](#Tab6){ref-type="table"}, and [7](#Tab7){ref-type="table"}).Table 2pMSCs modulate expression of genes involved in endothelial cell (EC) survival, apoptosis, injury, and inflammationNumberGene symbolGene full nameGlucose mean ΔΔ^−2^ valueGlucose + CMpMSC mean ΔΔ^− 2^ valueFold change, glucose vs glucose + CMpMSC (*p* \< 0.05)Biological activity1*CAV1*Caveolin-1632-fold ↓Inhibits EC proliferation2*COL18A1*Collagen, type XVIII, alpha 14634115-fold ↓3*PROCR*Protein C receptor, endothelial0.619.1114.93-fold ↑Induces EC survival4*F2R*Protease-activated receptor-11.8104.4558.02-fold ↑5*EDN1*Endothelin-1166-fold ↑6*TYMP*Thymidine phosphorylase521943.80-fold ↑7*ENG*Endoglin60.471.7933.78-fold ↓Induces EC injury8*CX3CL1*Chemokine ligand 16.852.552.68-fold ↓9*F3*Coagulation factor III, tissue factor7.171.395.15-fold ↓10*THBD*Thrombomodulin131.788.5215.46-fold ↓11*IL3*Interleukin 347.750.000679,583.3-fold ↓Induces EC inflammation12*ALOX5*Arachidonate 5-lipoxygenase103.4517.6253.05-fold ↓13*FLT1*Vascular endothelial growth factor receptor 17.142.752.59-fold ↓*CMpMSC* conditioned medium of unstimulated pMSCs, *pMSC* placental mesenchymal stem cell, ↓ decrease, ↑ increaseTable 3pMSCs modulate expression of genes mediating endothelial cell (EC) angiogenesisNumberGene symbolGene full nameGlucose ΔΔ^−2^ valueGlucose + CMpMSC ΔΔ^− 2^ valueFold change, glucose vs glucose + CMpMSC (*p* \< 0.05)Biological activity1*AGT*Angiotensinogen3.30.004825-fold ↓Inhibits EC angiogenesis2*COL18A1*Collagen, type XVIII, alpha 14634115-fold ↓3*F2R*Protease-activated receptor-11.8104.4558.02-fold ↑Induces EC angiogenesis4*ICAM1*Intercellular adhesion molecule 111.523.852.07-fold ↑5*PGF*Placental growth factor3.2122.276.93-fold ↑6*CCL2*Monocyte chemotactic protein-1 (MCP-1)17.7235.672.01-fold ↑7*EDN1*Endothelin-1166-fold ↑Induces EC migration8*PF4*Platelet factor 40.793.944.98-fold ↑9*ICAM1*Intercellular adhesion molecule 111.523.852.07-fold ↑*CMpMSC* conditioned medium of unstimulated pMSCs, *pMSC* placental mesenchymal stem cell, ↓ decrease, ↑ increaseTable 4pMSCs modulate expression of genes mediating endothelial cell (EC) permeability and leukocyte infiltration of ECsNumberGene symbolGene full nameGlucose ΔΔ^− 2^ valueGlucose + CMpMSC ΔΔ^− 2^ valueFold change, glucose vs glucose + CMpMSC *(p* \< 0.05)Biological activity1*ALOX5*Arachidonate 5-lipoxygenase103.4517.6253.05-fold ↓Induces EC permeability2*ICAM1*Intercellular adhesion molecule 111.523.852.07-fold ↑3*NPR1*Atrionatriuretic peptide receptor A1.163.793.26-fold ↑Inhibits EC permeability4*CAV1*Caveolin-15.873.161.85-fold ↓5*ENG*Endoglin60.471.7933.78-fold ↓Induces leukocyte infiltration6*VCAM1*Vascular cell adhesion molecule 164.031.7935.77-fold ↓7*SELL*Selectin L22.0535.911.62-fold ↑8*SELE*E-selectin22.0535.911.62-fold ↑*CMpMSC* conditioned medium of unstimulated pMSCs, *pMSC* placental mesenchymal stem cell, ↓ decrease, ↑ increaseTable 5pMSCs modulate expression of genes involved in endothelial cell (EC) survival, apoptosis, injury, fibrosis formation, and inflammationNumberGene symbolGene full nameGlucose ΔΔ^−2^ valueGlucose + ICpMSC ΔΔ^− 2^ valueFold change, glucose vs. glucose + ICpMSC (*p* \< 0.05)Biological activity1*PLAT*Plasminogen activator, tissue4.52247.1254.67-fold ↑Induces EC proliferation2*PDGFRA*Platelet-derived growth factor receptor, alpha polypeptide38762-fold ↑3*CAV1*Caveolin-1623-fold ↓Inhibits EC proliferation4*COL18A1*Collagen, type XVIII, alpha 14631924-fold ↓5*PROCR*Protein C receptor, endothelial0.617.6912.6-fold ↑Induces EC survival6*F2R*Protease-activated receptor-11.810.916.06-fold ↑7*TGFB1*Transforming growth factor beta 10.9637.26138-fold ↑8*BCL2L1*BCL2-like 11.4140.43100.3-fold ↑9*MMP1*Matrix metallopeptidase 11.062422.64-fold ↑10*KDR*Vascular endothelial growth factor receptor 3 (VEGFR3)0.6250.8381.92-fold ↑11*SPHK1*Sphingosine kinase 11330.291,156,189.43869.12-fold ↑12*TNFSF10*TNF-related apoptosis-inducing ligand (TRAIL)1.651788.251083-fold ↑13*FASLG*Fas ligand18,254.059.841855.08-fold ↓Induces EC apoptosis14*ENG*Endoglin60.471.8931.99-fold ↓Induces EC injury15*AGTR1*Angiotensin II receptor, type 12366.34227.4810.4-fold ↓16*THBD*Thrombomodulin131.7810.1912.93-fold ↓17*IL3*Interleukin 347.750.5980.93-fold ↓Induces EC inflammation18*ALOX5*Arachidonate 5-lipoxygenase103.450.82126.15-fold ↓19*FLT1*Vascular endothelial growth factor receptor 17.141.963.64-fold ↓*ICpMSC* intercellular direct contact experiment, *pMSC* placental mesenchymal stem cell, *TNF* tumour necrosis factor, ↓ decrease, ↑ increaseTable 6pMSCs modulate expression of genes mediating endothelial cell (EC) angiogenesisNumberGene symbolGene full nameGlucose ΔΔ^− 2^ valueGlucose + ICpMSC ΔΔ^− 2^ valueFold change, glucose vs glucose + ICpMSC (*p* \< 0.05)Biological activity1*TIMP1*TIMP metallopeptidase inhibitor 12.286.72.93-fold ↑Inhibits EC angiogenesis2*CASP1*Apoptosis-related cysteine peptidase0.018.97897-fold ↑3*PF4*Platelet factor 40.793.544.48-fold ↑4*AGT*Angiotensinogen3.30.546.1-fold ↓5*COL18A1*Collagen, type XVIII, alpha 14631924-fold ↓6*F2R*Protease-activated receptor-11.810.916.06-fold ↑Induces EC angiogenesis7*ICAM1*Intercellular adhesion molecule 111.5642.7955.89-fold ↑8*PGF*Placental growth factor3.21178.5355.56-fold ↑9*CCL2*Monocyte chemotactic protein-1 (MCP-1)17.7244.512.52-fold ↑10*PTGS2*Cyclooxygenase (COX)1.93.842.02-fold ↑11*SPHK1*Sphingosine kinase 11330.291,156,189.43869-fold ↑Induces EC migration12*PF4*Platelet factor 40.793.544.48-fold ↑13*ICAM1*Intercellular adhesion molecule 111.5642.7955.89-fold ↑*ICpMSC* intercellular direct contact experiment, *pMSC* placental mesenchymal stem cell, ↓ decrease, ↑ increaseTable 7pMSCs modulate expression of genes mediating endothelial cell (EC) permeability and leukocyte infiltration of ECsNumberGene symbolGene full nameGlucose ΔΔ^−2^ valueGlucose + ICpMSC ΔΔ^− 2^ valueFold change, glucose compared with glucose + ICpMSC (*p* \< 0.05)Biological activity1*ALOX5*Arachidonate 5-lipoxygenase103.450.82126.15-fold ↓Induces EC permeability2*NPPB*Natriuretic peptide B4.120.04103-fold ↓3*IL1β*Interleukin 1 beta3.3723.526.97-fold ↑4*IL6*Interleukin 60.4332.2374.95-fold ↑5*ICAM1*Intercellular adhesion molecule 111.5642.7955.89-fold ↑6*CAV1*Caveolin-15.872.52.34-fold ↓Inhibits EC permeability7*NPR1*Atrionatriuretic peptide receptor A1.1612.5810.84-fold ↑1*ENG*Endoglin60.471.8931.99-fold ↓Induces leukocyte infiltration2*VCAM1*Vascular cell adhesion molecule 164.031.1953.8-fold ↓3*SELL*Selectin L22.05359.6716.3-fold ↑4*SELE*E-selectin22.05359.6716.31-fold ↑* ICPMSC* intercellular direct contact experiment, *pMSC* placental mesenchymal stem cell, ↓ decrease, ↑ increase

Discussion {#Sec26}
==========

In diabetes, hyperglycaemia stimulates the production of H~2~O~2~ in the endothelium that contributes to the development of endothelial injury and the development of thrombosis \[[@CR2]--[@CR8]\]. Recently, we reported the ability of pMSCs to protect endothelial cells from injury induced by H~2~O~2~ \[[@CR14]\]. Therefore, pMSCs are potential candidates for cellular therapy to repair endothelial dysfunction and prevent complications associated with diabetes, such as thrombosis and atherosclerosis. Here, we examined the ability of pMSCs to protect the functions of endothelial cells from injury induced by glucose; an oxidative stress mediator.

First, we showed that pMSCs retain their survival and proliferation potentials in a glucose environment, which contains up to 200 mM glucose (Fig. [3a--c](#Fig3){ref-type="fig"}). pMSCs are usually found in close and continuous contact with fetal circulation, and therefore are exposed to relatively low levels of oxidative stress mediators \[[@CR17], [@CR18]\]. This may explain the inability of pMSCs to overcome the toxicity of glucose at high concentrations since we recently reported that exposure of pMSCs to a concentration of H~2~O~2~ higher than 200 μM is toxic \[[@CR14]\]. These data indicate that pMSCs can resist the effects of glucose and maintain their normal function, but only up to a certain concentration, after which glucose becomes toxic.

Next, we demonstrated the ability of endothelial cells to survive in a glucose environment, but at a concentration of up to 100 mM glucose. At this concentration, the viability of endothelial cells was higher than 95%, but with reduced proliferation potential (Fig. [3d](#Fig3){ref-type="fig"}--[f](#Fig3){ref-type="fig"}). This inhibitory effect of glucose on endothelial cell proliferation \[[@CR19], [@CR20]\] was reversed by pMSCs (Fig. [4a](#Fig4){ref-type="fig"}--[c](#Fig4){ref-type="fig"}). Interestingly, pMSCs showed a dual effect on the reversibility of glucose-treated endothelial cells (Fig. [4f](#Fig4){ref-type="fig"}). Molecules produced by unstimulated pMSCs (CMpMSC) have a reversible effect on glucose-treated endothelial cells while the intercellular direct contact (ICpMSC) with endothelial cells showed an irreversible stimulatory effect on glucose-treated endothelial cells (Fig. [4f](#Fig4){ref-type="fig"}). These data provide evidence that pMSCs protect endothelial cell proliferation from the negative effect of glucose. This is supported by the finding that pMSCs modify the expression of genes mediating endothelial cell proliferation. CMpMSC and ICpMSC reduced endothelial cell expression of antiproliferative genes including *CAV1*\[[@CR21]\] and *COL18A1* \[[@CR22]\] (Tables [2](#Tab2){ref-type="table"} and [5](#Tab5){ref-type="table"}). In addition, ICpMSC induced endothelial cell expression of pro-proliferative genes including *PLAT* \[[@CR20]\] and *PDGFRA* \[[@CR23]\] (Table [5](#Tab5){ref-type="table"}). This protective role of pMSCs was further confirmed by the ability of CMpMSC to reverse the inhibitory effect of glucose on endothelial cell migration \[[@CR24]\] (Fig. [6a](#Fig6){ref-type="fig"}), and this stimulatory effect of pMSCs (CMpMSC and ICpMSC) on endothelial cell migration is irreversible (Fig. [6c](#Fig6){ref-type="fig"}). One possibility is that pMSCs induce glucose-treated endothelial cell migration by upregulating their expression of pro-migratory genes including *EDN1* \[[@CR25]\], *PF4* \[[@CR26]\], *ICAM1* \[[@CR23]\], and *SPHK1* \[[@CR27]\] (Tables [3](#Tab3){ref-type="table"} and [6](#Tab6){ref-type="table"}).

We previously reported that pMSCs produce many molecules with survival, pro-proliferative, and migratory activities, such as *IL-6* \[[@CR28]\], *IL-8*\[[@CR29], [@CR30]\], *IL-10* \[[@CR31]\], *IL-11* \[[@CR32]\], and *PDGF-Rβ* \[[@CR33]\]. These molecules potentially mediate the pMSC protective effects on endothelial cells treated with glucose. However, future functional studies are essential to elucidate the detailed molecular mechanism.

Migration is an important early step in endothelial cell biology that is followed by angiogenesis \[[@CR15]\]. In this study, CMpMSC do not interfere with the angiogenic activity of endothelial cells (Fig. [8b](#Fig8){ref-type="fig"}). Importantly, CMpMSC reversed the anti-angiogenic effect of glucose \[[@CR20]\] on endothelial cells (Fig. [8d, e](#Fig8){ref-type="fig"}). This protective function of CMpMSC on endothelial cell angiogenesis could be mediated by a number of angiogenic genes. CMpMSC reduced glucose-treated endothelial cell expression of various anti-angiogenic genes including *AGT* \[[@CR34]\] and *COL18A1* \[[@CR22]\] (Table [3](#Tab3){ref-type="table"}). In addition, CMpMSC increased glucose-treated endothelial cell expression of various pro-angiogenic genes including *F2R* \[[@CR35]\], *ICAM1* \[[@CR23]\], *PGF* \[[@CR36]\], and *CCL2* \[[@CR37]\] (Table [3](#Tab3){ref-type="table"}). In contrast, ICpMSC inhibited endothelial cell angiogenesis and did not prevent the anti-angiogenic effect of glucose on endothelial cells (Fig. [8f](#Fig8){ref-type="fig"}). This anti-angiogenic effect of pMSCs is possibly mediated by a number of anti-angiogenic genes including *TIMP-1* \[[@CR38]\], *PF4* \[[@CR26]\], and *CASP1* \[[@CR39]\] (Table [6](#Tab6){ref-type="table"}), although ICpMSC also reduced glucose-treated endothelial cell expression of anti-angiogenic genes including *AGT* \[[@CR34]\] and *COL18A1*\[[@CR22]\] (Table [6](#Tab6){ref-type="table"}) and induced the expression of pro-angiogenic genes including *F2R* \[[@CR35]\], *ICAM1* \[[@CR23]\], *PGF* \[[@CR36]\], *CCL2* \[[@CR37]\], and *PTGS2* \[[@CR40]\] by endothelial cells (Table [6](#Tab6){ref-type="table"}). These data provide evidence that pMSCs have dual effects (i.e. "a double-edged sword") on the angiogenic activity of endothelial cells as was previously reported for the immunomodulatory properties of bone marrow-derived MSCs \[[@CR41]\]. Supporting evidence comes from the ability of pMSCs to produce both anti-angiogenic molecules, such as *IL-12* \[[@CR42]\], and pro-angiogenic molecules such as *IL-8* \[[@CR29]\] and *IL-10* \[[@CR43]\]. Our data indicate that the nature of pMSC treatments determines the type of angiogenic activity of pMSCs on endothelial cells. However, future study is essential to determine what factors determine whether the effects are pro-angiogenic or anti-angiogenic.

The exposure of endothelial cells to high levels of glucose increases their permeability \[[@CR44]\]. This in turn enhances the infiltration of monocytes through endothelium as reported previously \[[@CR44]\]. pMSCs reduced the stimulatory effect of glucose on monocyte infiltration through the endothelial cell monolayer, which suggests that pMSCs reduce the stimulatory effect of glucose on endothelial cell permeability (Fig. [7a](#Fig7){ref-type="fig"}). The preconditioning of endothelial cells with glucose also increased endothelial cell permeability, an effect that was reversed by ICpMSC but not by CMpMSC (Fig. [7b](#Fig7){ref-type="fig"}). This further shows the dual effects of pMSCs on the reversibility of endothelial cells in the presence of glucose. These data further support a protective effect of pMSCs on endothelial cells. The addition of pMSCs (CMpMSC or ICpMSC) to glucose-treated endothelial cells downregulated and upregulated endothelial cell expression of pro-permeability genes (i.e. *ALOX5* \[[@CR45]\] and *NPPB* \[[@CR46]\]) and the anti-permeability genes (i.e. *NPR1* \[[@CR47]\]), respectively (Tables [4](#Tab4){ref-type="table"} and [7](#Tab7){ref-type="table"}). In addition, pMSCs reduced the glucose stimulatory effect on endothelial cell expression of genes (ENG \[[@CR48]\], *VCAM1* \[[@CR49]\]) which mediate the infiltration of monocytes into endothelium (Tables [4](#Tab4){ref-type="table"} and [7](#Tab7){ref-type="table"}). As for angiogenesis, pMSCs (CMpMSC and ICpMSC) showed a dual effect on endothelial expression of pro-invasion (*ICAM1*, *IL1β*, and *IL6*), anti-invasion (*CAV1*), and pro-infiltration (*SELL* and *SELE*) genes (Tables [4](#Tab4){ref-type="table"} and [7](#Tab7){ref-type="table"}). Together, these data provide evidence of multiple protective roles that pMSCs have on the permeability of endothelial cells via mechanisms that involve the genes indicated. This protective role of pMSCs was further supported by the ability of pMSCs to induce glucose-treated endothelial cell expression of various genes mediating their survival (i.e. *EDN1* \[[@CR50], [@CR51]\], *TYMP*\[[@CR52]\], *PROCR* \[[@CR53]\], *F2R* \[[@CR35], [@CR53]\], *TGFB1* \[[@CR54]\], *BCL2L1* \[[@CR55]\], *MMP1* \[[@CR56]\], *KDR* \[[@CR57]\], *SPHK1* \[[@CR58]\], *TNFSF10* \[[@CR59]\]) (Tables [2](#Tab2){ref-type="table"} and [5](#Tab5){ref-type="table"}). Finally, pMSCs reduced glucose-treated endothelial cell expression of genes that induce their apoptosis (*FASLG* \[[@CR60]\]), injury (*ENG* \[[@CR48]\], *CX3CL1* \[[@CR61]\], *F3* \[[@CR62]\], *THBD* \[[@CR62]\], *AGTR1* \[[@CR63]\]), and inflammation (*IL3* \[[@CR64]\], *ALOX5* \[[@CR65]\], *FLT1* \[[@CR66]\]) (Tables [2](#Tab2){ref-type="table"} and [5](#Tab5){ref-type="table"}). These data further support pMSCs having a beneficial effect on multiple endothelial cell functions in the presence of glucose.

Conclusions {#Sec27}
===========

This is the first comprehensive study to provide evidence for a protective role of pMSCs on endothelial cells in an oxidative stress environment induced by glucose. pMSCs protect important functions of endothelial cells (i.e. proliferation, migration, angiogenesis, and permeability) from the negative impact of glucose (Fig. [9](#Fig9){ref-type="fig"}). Endothelial cell injury is a hallmark of vascular diseases, such as diabetes, that results in adverse complications leading to thrombosis and atherosclerosis. Therefore, we propose that pMSCs are promising candidates for stem cell-based therapies to treat vascular injury and the adverse complications associated with inflammatory diseases, such as diabetes and cardiovascular diseases. However, the therapeutic value of pMSCs needs to be determined in future animal studies.Fig. 9Proposed effects of placental mesenchymal stem cells (pMSCs) on modifying negative impact of glucose on endothelial cell functions. pMSCs prevent endothelial cell injury and apoptosis from glucose and reverse inhibitory effects of glucose on endothelial cell survival, proliferation, migration, and angiogenesis. pMSCs also reduce stimulatory effects of glucose on endothelial cell permeability and monocyte infiltration through endothelial cells
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